This article addresses the application of grey based fuzzy logic coupled with Taguchi's approach for optimization of multi performance characteristics in ultrasonic machining of WC-Co composite material. The Taguchi's L-36 array has been employed to conduct the experimentation and also to observe the influence of different process variables (power rating, cobalt content, tool geometry, thickness of work piece, tool material, abrasive grit size) on machining characteristics. Grey relational fuzzy grade has been computed by converting the multiple responses, i.e., material removal rate and tool wear rate obtained from Taguchi's approach into a single performance characteristic using grey based fuzzy logic. In addition, analysis of variance (ANOVA) has also been attempted in a view to identify the significant parameters. Results revealed grit size and power rating as leading parameters for optimization of multi performance characteristics. From the microstructure analysis, the mode of material deformation has been observed and the critical parameters (i.e., work material properties, grit size, and power rating) for the deformation mode have been established.
Introduction
Ultrasonic machining (USM) is a contemporary manufacturing method usually employed for processing materials with higher hardness/brittleness such as quartz, semiconductor materials, ceramics etc. [1] . Ultrasonic machining is also termed as ultrasonic drilling, ultrasonic abrasive machining, ultrasonic grinding, ultrasonic cutting, ultrasonic dimension machining, and slurry drilling. In USM, tool vibrates along its longitudinal axis at high frequency; usually greater than 20 kHz with amplitude of 12-50 μm. Abrasive slurry, which is a mixture of abrasive material such as silicon carbide, boron carbide and alumina suspended in water or some suitable carrier medium, is continuously pumped across the gap between the tool and work. The vibration of the tool causes the abrasive particles held in the slurry to impact the work surface, leading to material removal by microchipping.
Power rating and abrasive grit size are the main significant factors which affect the material removal rate (MRR) and tool wear rate (TWR) [2] . Lalchhuanvela et al. [3] presented a study of the MRR and surface roughness in machining of ceramics (alumina based). It was reported that the higher level of the input parameters gives higher MRR. Surface roughness (SR) was reported to be decreased with the reduction in grit size and power rating. Slurry concentration, flow rate of slurry and feed rate of tool have less effect on surface roughness. Komaraiah and Reddy [4] , Kumar and Khamba [5] , and Dam et al. [6] assessed the impact of work material properties on machining characteristics in ultrasonic machining. Results reported that work materials with higher fracture toughness and hardness tend to be machined at higher removal rates. Kataria et al. [7] reported that power rating and grit size are the most significant parameters that affect the hole quality in ultrasonic machining. Table 1 shows a summary of few studies reported on ultrasonic machining.
Tungsten carbide-cobalt (WC-Co) composite is classed among the most important metal matrix composite materials manufactured by a process called as "powder metallurgy" [8] . Several steps are included in the production of WC-Co composite, such as making of tungsten carbide powder, consolidation of the powder, sintering in the liquid phase and post-sintering operations. WC-Co composite materials are also known as cemented carbide, hard metal and in some cases, cermets [8] . WC-Co composite materials possess excellent hardness with toughness, wear resistance, good dimensional stability and high mechanical strength. Owing to their superior properties, these materials cover a wide range of industrial applications, e.g., manufacturing of wear parts, cutting and drilling tools, die and punch manufacturing.
Many investigators have studied the machinability of WC-Co composite materials using conventional and non-conventional techniques other than USM [8] [9] [10] [11] [12] [13] [14] [15] . However, these techniques have their own limitations, in the perspective of deteriorated surface quality (cracks, heat affected zone, recast layer), high cutting forces and alteration of mechanical properties. These defects result into decrease in hardness, wear resistance and corrosion resistance of the machined components and also affect the product quality.
Ultrasonic machining could be a potential solution for addressing the problems related to machinability of WC-Co material. The process generally does not cause any significance alteration in the properties by means of surface damage [7] . Therefore, an attempt has been made to further explore the machining efficiency in ultrasonic drilling of WC-Co composites. So, this current article is targeted to optimize the process parameters (cobalt content, work material thickness, profile of tool, tool material, abrasive grit size, and power rating) in the ultrasonic machining of WC-Co composites using grey-fuzzy logic. Figure 1 presents a graphic representation of the various inputs and output characteristics considered for the study. 
Materials and methods
In this article, work materials with the cobalt content of 6 wt% (hardness-1580 HV30) and 24 wt% (hardness-780 HV30), with 3 mm and 5 mm thickness were selected. The mechanical properties are shown in Table 2 . The materials used for fabricating are the tools, stainless steel, silver steel and nimonic-80A respectively. Tools were designed to have same mass (9 g), the value of which was derived to obtain the resonant frequency. Two profiles of tool namely, hollow and solid have been fabricated. Boron carbide was used as abrasive, with three levels for mean particle size (mesh 200, 320 and 500). The concentration (by weight) of the abrasive slurry was decided to be fixed at 25%. Power rating was selected at three discrete levels as 40%, 60% and 80%. Table 3 shows the details of input parameters considered for the investigation. The experiments were performed on an "AP-450 model" (Sonic-Mill, Albuquerque, USA) ultrasonic machine set-up. The different components of USM setup are abrasive slurry supply system, transducer, coupler, horn, dial assembly, locking knob, converter and coupler clamp. Machining zone containing workpiece, fixture, and tool is depicted in Figure 2 . MRR was computed by dividing the loss of weight (after machining) with the machining duration for drilling to the required depth. The stop watch was used to record the time taken for each experiment. The weight was measured with an electronic balance (CIL, model-CA124), with least count of 0.0001 g. In the same way, tool wear rate was computed. 
Experimentation and data collection
This study makes use of Taguchi's L-36 OA for design of the experimental plan. There are three factors with two levels and remaining factors have three levels. In addition, three interactions (A × D, B × D, C × D) are also required to be evaluated. Therefore, the degrees of freedom of L-36 array (35 DOF) are adequately enough for the problem under consideration (with required DOF being 15). The experimental plan is exhibited in Table 4 . Two replicates were run for the full experiment, and all of the trials were completely randomized to entertain the nuisance factors. Following relations are utilized for assessment of the S/N ratio [26] .
Larger the best
where is the response value recorded in j th observation. Here, for MRR, "larger the best" and for TWR, "smaller the best" type S/N ratio were computed. Minitab-16 software has been utilized for analyzing the results. 
Multi-response optimization using grey-fuzzy logic approach
In ultrasonic machining, the MRR and TWR are highly correlated responses. High MRR and low TWR cannot be achieved simultaneously for a particular control setting. For industrial applications, it is essential to obtain those machining solutions that could optimize the multiple responses concurrently. In this regard, grey fuzzy logic is employed for multi-response optimization.
GRA method
Grey relation analysis (GRA) is an effective method used for solving the complicated interrelationship among the data when the trends of their development are either homogeneous or heterogeneous. The major advantages of GRA method are real data based results, computations are simpler and easier to apply. For the problems related to manufacturing technology, the best decisions can be made by employing this method [27, 28] .
In this approach, the experimental data (MRR and TWR) is scaled and normalized, to fit in a range (0 to 1). The relationship between required (or desired) and actual (or experimental data) is expressed by computing grey relational coefficient through normalized data. The MRR is considered as "higher the best", while the TWR is considered as "lower the best" type response. The scaled values for both the responses are obtained using Eqs 3 and 4. Table 5 shows the normalized value for MRR and TWR.
The MRR ("higher the best" response) has been scaled as follows:
While TWR ("lower the best" response) has been scaled as follows:
where, minZyi = min{Z1yi, Z2yi, …….., Zmyi} and maxZyi = max{Z1yi, Z2yi, …….., Zmyi}. The GRC (γjy ) for y th response in j th trial can be computed as:
where, Δjy = │1 −Zjys│, Δy min = min{Δ1y, Δ2y, ..., Δmy}, Δy max = max{Δ1y, Δ2y, ..., Δmy} and ξ is expressed as distinguishing coefficient (ξ ∈ [0,1]), and usually its value is set as 0.5. It is used for modification (expansion/contraction) of the range of grey relation coefficient. 
Fuzzy logic optimization
An imprecision based mathematical approach used to form an intensive relationship across the inputs and outputs is termed as "fuzzy logic". Fuzzy system encompasses of basic components such as fuzzy sets, fuzzy inference, fuzzy rules, membership functions and defuzzification. The mapping is formulated from the input to output through fuzzy logic, by the process of fuzzy inference. The fuzzy logic mechanism has been detailed in Figure 3 . In present investigation, "grey relation fuzzy grade" is calculated in a view to optimize the considered input variables. The output "grey relation fuzzy grade" is ranged from 0 to 1. Optimization of the multiple correlated variables is performed by employing the concept of fuzzy logic. The output is aimed on achieving the highest value of GRFG. This work is carried out by considering the grey relation coefficient of MRR and TWR as input and GRFG as output in order to find out optimal condition. Fuzzy logic system is developed with the help of MATLAB 7.12.0.635 (Release 2011a). Figure 4 shows the block diagram of fuzzy model containing two variables (MRR and TWR) as input and GRFG as output. Figure 7 . The triangular membership function is chosen for both types of variables. The fuzzy rules form a group with two GRC (MRR and TWR), and single output of GRFG. Fuzzy rules (25 in number) are obtained on the basis of the fact that largest GRFG is best response. Table 6 shows the fuzzy rules in matrix form. In addition, the input provided to fuzzy inference engine's rule editor is the grey relational coefficient of each response variable (MRR and TWR), as shown in Figure 8 . Table 5 depicts the defuzzified values of each experimental run obtained through grey-fuzzy system. The response table for mean of the output parameter (GRFG) for each level of the input parameters is shown in Table 7 . Figure 9 depicts the distribution of grey relational fuzzy grade for different experiments. To determine the optimal combination, the highest grey relation fuzzy grade (GRFG) is to be located among all possible arrangements of the process parameters. Table 7 presents the average GRFG for each factor. The numeric terms in each column of factors are the highest GRFG for corresponding factor, which also indicates the best level for that factor. The difference between maximum and minimum value of GRFG at each levels represents the range for each factor. Highest range (max-min) of GRFG is given the first rank and the lower ranges are provided with lower ranks correspondingly. Control factor with larger range of GRFG possess more effect in ultrasonic machining of WC-Co composite. Abrasive grit size and power rating have strong effect on the machining characteristics, as observed from the GRFG analysis.
As shown in Figure 10 , the optimal parametric setting is 6% cobalt in work material; work thickness: 3 mm; tool geometry: hollow; material of tool: silver steel; abrasive grit size: 320 (mesh) and power rating: 80%. The ANOVA test has also been carried out for the GRFG and results are presented in Table 8 . ANOVA results show that abrasive grit size has significant effect on the grey relation fuzzy grade. The GRFG at optimized setting (A1B1C2D2E2F3) has been predicted using the following formula.
where, µ GRFGo is the average value of GRFG for all experimental runs, µ OA is the value of GRFG at optimal factor levels, is the number of factors. Table 9 shows the predicted and experimental results. There is 20% improvement in the GRFG at optimized setting as compared with initial setting. At this optimized setting, the value of MRR and TWR are 0.0302 g/min and 0.0071 g/min, as compared to 0.0112 g/min and 0.0041 g/min at the initial setting. 
Microstructure analysis
Selected machined samples were observed with scanning electron microscope (LEO, model-435VP) to investigate the surface characteristics. In ultrasonic machining, the surface characteristics are mainly affected by the effect of grit size, and power rating [29, 30] . Figure 11 illustrates the microstructure of WC-Co composite after being machined with USM under the experimental conditions corresponding to experiment no. 15, at the magnification of 5000×. The parametric condition for this experimental run was consisting of fine sized abrasive grains and low level of power input. Hence, this corresponds to a condition of lower energy input rate. In the SEM microstructure ( Figure 11 ), there is no clear indication of the brittle fracture mode, due to the low energy input rate. Figure 13 shows the microstructure of WC-Co composite after processed with USM under the experimental conditions corresponding to experiment no. 36 at the magnification of 5000×. A huge amount of black pits is clearly visible from the microstructure due to the dislodgement of WC grains. Some regions have also been observed with the smeared out layers of cobalt binder material. In addition, a typical type of brittle fracture has been found for this particular experimental run. Figure 14 shows the edge of the drilled hole at 200×. Moreover, there is no evidence of any micro-cracking. Figure 15 shows the machined sample with holes drilled under different experimental runs. The drilled holes have a straight cylindrical profile and the exit side has little appearance of chipping due to non uniform wear of the tool face. 
Conclusions
The current research work has been focused at the application of grey relational analysis based fuzzy logic for the purpose of optimization of multiple performance characteristics in ultrasonic machining of WC-Co composite. Following conclusions could be drawn from this work: • Abrasive grit size and power rating have been observed as most significant parameters for GRFG. The optimized setting is cobalt content: 6%; work thickness: 3 mm; tool geometry: hollow; material of tool: silver steel; abrasive grit size: 320 (mesh) and power rating: 80%. • At optimized setting, an improvement of 20% in the GRFG has been observed at the optimized setting, as compared to initial setting. At this optimized setting, the values of MRR and TWR are 0.0302 g/min and 0.0071 g/min. • The mode of material deformation has been observed from microstructure analysis and the parameters, i.e., work material properties, grit size, and power rating were revealed as the most crucial for on which deformation mode depends. The brittle fracture has been observed as a major mode of material deformation. • No micro cracking has been observed at the edge of the drilled hole, although minor chipping has been observed at the exit face.
